Introduction {#j_hukin-2018-0071_s_001}
============

Strength and power abilities play a key role in many competitive sports ([@j_hukin-2018-0071_ref_006], [@j_hukin-2018-0071_ref_007]; [@j_hukin-2018-0071_ref_009]). Therefore, coaches and researchers are constantly searching for novel and more effective approaches to improve these capacities. It has been proposed that the use of resistance exercises with moderate or high loads during athletes' warm-up routines, might work as a type of conditioning activity (CA), possibly inducing meaningful enhancements in subsequent motor-tasks ([@j_hukin-2018-0071_ref_010]; [@j_hukin-2018-0071_ref_018]; [@j_hukin-2018-0071_ref_028]). This phenomenon is known as postactivation potentiation (PAP), and it seems to be attributed to specific physiological and neuromuscular responses, such as increased phosphorylation of the regulatory light-chains of myosin and increased recruitment rates of motor units ([@j_hukin-2018-0071_ref_010]; [@j_hukin-2018-0071_ref_018]; [@j_hukin-2018-0071_ref_026]; [@j_hukin-2018-0071_ref_028]). From these effects, significant increases in muscle tension and, consequently, in strength and power production have been observed ([@j_hukin-2018-0071_ref_026]; [@j_hukin-2018-0071_ref_032]).

Acute increases in performance can be substantially affected by the balance between PAP mechanisms and fatigue ([@j_hukin-2018-0071_ref_004]; [@j_hukin-2018-0071_ref_021]; [@j_hukin-2018-0071_ref_029]; [@j_hukin-2018-0071_ref_034]). These "opposing effects" have usually produced inconsistent findings and unclear training guidelines ([@j_hukin-2018-0071_ref_024]; [@j_hukin-2018-0071_ref_025]; [@j_hukin-2018-0071_ref_028]). Moreover, it appears that this balance may be altered by several factors, such as training experience, length of the rest period prior to subsequent exercise, and volume and intensity of CA ([@j_hukin-2018-0071_ref_033]). For this reason, many studies have been designed to determine the optimal PAP strategy to induce positive short-term effects in trained subjects ([@j_hukin-2018-0071_ref_015]; [@j_hukin-2018-0071_ref_016]; [@j_hukin-2018-0071_ref_021]; [@j_hukin-2018-0071_ref_034]). On the whole, these investigations have adopted different intensities and volumes of CA, triggering distinct neuromuscular responses in subsequent power-activities (i.e., vertical jump and sprint performance) ([@j_hukin-2018-0071_ref_002]; [@j_hukin-2018-0071_ref_004]; [@j_hukin-2018-0071_ref_015]; [@j_hukin-2018-0071_ref_021]; [@j_hukin-2018-0071_ref_023]). [@j_hukin-2018-0071_ref_034] demonstrated an increase of 2.8% in countermovement jump (CMJ) height after 1 set of 5 repetitions maximum (RM) in the half-squat (HS) exercise. [@j_hukin-2018-0071_ref_015] found increases of 2.39% in CMJ height after applying a progressive HS protocol (1 set of 2 repetitions), using a range of loads varying from 20 to 90% 1RM. Similarly, [@j_hukin-2018-0071_ref_031] investigated the effects of 3 sets of 5 repetitions of the HS at 60% 1RM on vertical jump performance, reporting significant increases of 3.74 and 2.84% after the first and second exercise sets (respectively, compared with the pre-values). Conversely, [@j_hukin-2018-0071_ref_021] observed no changes in CMJ height after executing a single set of 5 repetitions of the HS at 85% 1RM. In another study with comparable outcomes, [@j_hukin-2018-0071_ref_016] reported no enhancements in vertical jump height after using different CA strategies (i.e., "low-intensity protocol": 8 repetitions of the HS at 40% 1RM and "high-intensity protocol": 4 repetitions of HS at 80% 1RM). Collectively, these findings suggest that there is a notable lack of consensus about the best way to properly induce PAP.

In an attempt to clarify this issue, [@j_hukin-2018-0071_ref_033] reported in their meta-analysis an optimal range of training content to optimize PAP effects, suggesting the use of multiple sets (vs single), moderate loading intensity (i.e., from 60 to 85% 1RM), and rest periods lasting between 7 and 10 minutes. However, these ranges may vary across individuals, according to their training status. Although these general guidelines allow sport practitioners to design better CA protocols, more information on this topic is needed. Thus, the objective of this study was to compare the effects of different loading intensities (1, 3, 5RM, and 60% 1RM) and numbers of sets (1, 2, and 3) of the HS on the subsequent CMJ performance in highly-trained subjects (i.e., subjects able to lift at least 2 x their body-mass (BM) in the HS). Due to the conflicting results in the literature and considering previous findings related to this topic ([@j_hukin-2018-0071_ref_008]; [@j_hukin-2018-0071_ref_027]; [@j_hukin-2018-0071_ref_030]), we hypothesized that the participants would attain significant increases in jump height, presenting their best performances at different ranges of intensities and volumes.

Methods {#j_hukin-2018-0071_s_002}
=======

Study Design {#j_hukin-2018-0071_s_002_s_001}
------------

To test the influence of HS conditioning activities with different loading intensities (1, 3, and 5RM, and 60% 1RM) and a different number of sets (1, 2, and 3) to induce PAP on the subsequent CMJ performance, participants were submitted to four experimental sessions. A control session with jump tests was conducted to observe if this procedure could induce PAP. In this session, participants underwent CMJ assessments with the same rest intervals used throughout the experimental sessions. Prior to the experimental sessions, participants performed 5 familiarization sessions comprising all procedures of the study, which were also used to determine the 1, 3, and 5RM loads, all separated by at least 72 hours.

After the familiarization and load determination sessions, participants were submitted to four experimental conditions (1RM, 3RM, 5RM, and 60% 1RM) in randomized order. Before the experimental sessions, participants performed a general warm-up, which consisted of running on a treadmill at 9.0 km·h^-1^ for 5 min followed by 3 min of dynamic stretching and submaximal CMJ attempts. Subsequently, the pre-CMJ assessments were carried out. After a 4-min rest interval, a specific warm-up was performed (5 repetitions with 50% of the CA load of the day). Three minutes later the first set of the respective CA was performed, with participants instructed to execute each repetition as fast as possible. For the 60% 1RM condition, participants performed 6 repetitions. After a 4-min rest interval, participants repeated the CMJ test. This procedure was repeated three times. A schematic presentation of the study design is demonstrated in [Figure 1](#j_hukin-2018-0071_fig_001){ref-type="fig"}.

![Schematic presentation of the study design.](hukin-66-195-g001){#j_hukin-2018-0071_fig_001}

Participants {#j_hukin-2018-0071_s_002_s_002}
------------

Eighteen highly-trained men (e.g., college athletes from different sports, with at least 3 years of systematic resistance-training experience) able to lift at least two-times their body mass in the HS exercise participated in the study (age: 25.42 ± 3.58 years; body height: 175.17 ± 7.35 cm; body mass: 78.84 ± 10.63 kg). This inclusion criterion was selected based on previous studies, suggesting an adequate strength level necessary to induce PAP ([@j_hukin-2018-0071_ref_005]; [@j_hukin-2018-0071_ref_030]). All participants were free from any musculoskeletal injuries. They were asked to refrain from strenuous physical activities and caffeine consumption 24 hours prior to the experimental sessions. Before participating in this study, the athletes were briefed on the experimental design and signed an informed consent form. This study was performed in accordance with the ethical standards of the Helsinki Declaration and was approved by the local ethics committee (Research Ethics Committee, CEP-EEFEUSP).

Determination of the 1, 3, and 5RM loads in the half-squat exercise {#j_hukin-2018-0071_s_002_s_003}
-------------------------------------------------------------------

After a general warm-up, participants performed two specific warm-up sets for each test. In the first set, they performed 5 (for 1 and 3RM tests) or 10 repetitions (for 5RM test) with 50% of the respective estimated load; after a 3-min rest interval, they performed 3 (for 1 and 3RM tests) or 5 (for 5 RM test) repetitions with 70% of the estimated load for each test ([@j_hukin-2018-0071_ref_003]). Three minutes later, participants were allowed to execute up to 5 attempts to obtain the 1, 3, and 5RM loads in the HS exercise, performed on the Smith-Machine equipment (Nakagym^®^, Diadema, Brazil). A 3-min rest interval was permitted between the following attempts.

Countermovement Jump Test {#j_hukin-2018-0071_s_002_s_004}
-------------------------

Vertical jump height was determined using the CMJ. Participants were instructed to execute a downward movement followed by a complete extension of the legs and were free to determine the countermovement amplitude to avoid possible changes in jumping coordination. The CMJ attempts were executed with the hands on the hips. All jumps were performed on a contact platform (Jump Test 2.0, Hidrofit Ltda, Belo Horizonte, Brazil) and the obtained flight-time (t) was used to estimate jump height (h) (i.e., h = gt^2^/8, where g = 9.81 m**·**s^-1^). A total of 5 attempts were performed, interspersed with \~ 15 s. The best CMJ attempt in each condition was retained for further analysis.

Statistical Analysis {#j_hukin-2018-0071_s_002_s_005}
--------------------

Data are presented as mean ± standard deviation (SD). Normality of data was checked using the Shapiro-Wilk test. To analyze the differences in CMJ performance between the different CA protocols across the 3 sets, the differences based on magnitudes were calculated ([@j_hukin-2018-0071_ref_001]). The quantitative chances of finding differences in the CMJ between the different loading intensities and sets were assessed qualitatively as follows: \<1%, almost certainly not; 1 to 5%, very unlikely; 5 to 25%, unlikely; 25 to 75%, possible; 75 to 95%, likely; 95 to 99%, very likely; and \>99%, almost certain ([@j_hukin-2018-0071_ref_001]). A meaningful difference was considered using the mechanistic inference, based on threshold chances of 5% for substantial magnitudes. Thus, if the chances of having better and poorer results were both \>5%, the true difference was assessed as unclear. Additionally, to determine the magnitude of the differences between the different conditions across the three sets for the CMJ height, the standardized differences (ES: Cohen's *d*) were calculated ([@j_hukin-2018-0071_ref_020]). The ES magnitudes were interpreted using the following thresholds: \<0.2, 0.2-0.6, 0.6-1.2, 1.2-2.0, 2.0-4.0, and \>4.0 for trivial, small, moderate, large, very large, and near perfect, respectively ([@j_hukin-2018-0071_ref_020]).

As great variation was observed in individual responses in the CMJ performances induced by different CA protocols across the 3 sets, an individual analysis was further performed using the magnitude-based inference principles. Terms such as possibly and unclear were used if the typical error of measurement (TE; SD/√2) crossed one or both smallest worthwhile change (SWC; calculated by using 0.3 x within subject coefficient of variation) boundaries ([@j_hukin-2018-0071_ref_019]), respectively. Otherwise, if the TE did not cross SWC boundaries, the effect was inferred as probably.

Results {#j_hukin-2018-0071_s_003}
=======

The absolute loads corresponding to 1RM, 3RM, 5RM, and 60% 1RM, used for the CA protocols in the HS exercise were: 187.83 ± 30.02 kg; 174.89 ± 31.24 kg; 165.28 ± 28.48; and 112.7± 18.01 kg, respectively. [Figure 2](#j_hukin-2018-0071_fig_002){ref-type="fig"} depicts group comparisons of the different CA protocols across the three sets. After the first set of CA meaningful differences were not observed in CMJ performance when compared with the pre-values. After the second set the control condition demonstrated a likely decrease (percentage chances 81/19/00), while the 5RM condition demonstrated a possible reduction (65/35/00) in CMJ performance when compared with the pre-values. In the final set, all protocols demonstrated possibly to almost certainly lower CMJ heights than the pre-values (81/19/00, 79/21/00, 57/43/00, 100/00/00, and 80/20/00, for control, 1RM, 3RM, 5RM, and 60% 1RM conditions). No meaningful differences were observed for the changes in CMJ performance between the distinct loading intensities across the 3 sets.

![Group comparisons of the countermovement jump height between different conditioning activity protocols across the three sets. RM: repetition maximum;\
S: set; error bars represent 90% confidence limits; grey area represents the smallest worthwhile change (calculated by 0.2 x group standard deviation of the pre-values);\
\*Meaningful difference in comparison to pre-values for control and 5RM conditions;\
\*\*meaningful difference in comparison to pre-values for all protocols.](hukin-66-195-g002){#j_hukin-2018-0071_fig_002}

[Figure 3](#j_hukin-2018-0071_fig_003){ref-type="fig"} shows individual analyses of the CMJ percentage changes across the different conditions. In the control condition, 2 participants demonstrated meaningful increases in the CMJ height after the 3^rd^ set in comparison to the pre-values. For the 1RM condition, meaningful increases in the CMJ height were observed on 13 distinct occasions for 6 participants when compared to pre-values. In the 3RM protocol, meaningful improvements in CMJ performance were observed for 5 participants on 11 different occasions. For the 5RM condition, meaningful increases were noted in the CMJ height for 5 participants on 7 different occasions. Finally, for the 60% 1RM protocol meaningful improvements in CMJ performance were found on 11 distinct occasions for 4 participants.

![Individual analyses of the countermovement jump percentage change across the different experimental conditions. RM: repetition maximum; S: set; error bars represent typical error of measurement (TE); grey area represents the smallest worthwhile change (SWC: calculated by 0.3 x individual coefficient of variation).\
Terms such as possibly and unclear were used if the TE crossed one or both SWC boundaries, respectively.](hukin-66-195-g003){#j_hukin-2018-0071_fig_003}

Discussion {#j_hukin-2018-0071_s_004}
==========

This study aimed to compare the acute effects of performing the HS under four different experimental conditions, with distinct numbers of sets (1, 2, and 3) and loading intensities (1RM, 3RM, or 5RM; and at 60% 1RM) on subsequent vertical jump ability. Overall, we did not find meaningful differences between any of the examined protocols. However, we detected worthwhile improvements in individual performances after each CA protocol, thus observing a wide variation in the training content able to induce acute increases in CMJ height. Therefore, it seems reasonable to assume that the PAP phenomenon may be subject-dependent and lacks optimal standards for both volume and intensity.

As aforementioned, there are conflicting findings among researchers about the best way to induce PAP in trained subjects ([@j_hukin-2018-0071_ref_004]; [@j_hukin-2018-0071_ref_021]; [@j_hukin-2018-0071_ref_029]; [@j_hukin-2018-0071_ref_030]; [@j_hukin-2018-0071_ref_034]). Whereas some studies have shown acute improvements in performance ([@j_hukin-2018-0071_ref_008]; [@j_hukin-2018-0071_ref_014]; [@j_hukin-2018-0071_ref_030]), others have reported no changes, or even fatigue-related symptoms after the execution of different CA protocols ([@j_hukin-2018-0071_ref_022]; [@j_hukin-2018-0071_ref_029]). For many authors, the absence of consistent findings about PAP is related to a varied number of factors which affect this complex phenomenon, such as the exercise type, the strength level, the training background, and the rest interval between CA and the subsequent activity ([@j_hukin-2018-0071_ref_002]; [@j_hukin-2018-0071_ref_011]; [@j_hukin-2018-0071_ref_012]; [@j_hukin-2018-0071_ref_033]). [@j_hukin-2018-0071_ref_030] found significant relationships between the relative strength index (i.e., 1RM/kg) and the degree of potentiation induced in muscle power (r = 0.65), achieved after 3 repetitions of the squat at 90% 1RM. Accordingly, [@j_hukin-2018-0071_ref_027] observed that, after executing an ascending squat protocol (i.e., 5 repetitions at 30% 1RM, 3 at 70% 1RM, and 3 at 90% 1RM), only the stronger individuals (squat ≥ 2.0 x BM) exhibited acute enhancements in horizontal jump ability. That said, it seems that as the maximum strength capacity increases, the aptitude to elicit PAP also increases ([@j_hukin-2018-0071_ref_014]). Since we selected participants able to lift at least twice their BM in the HS exercise, this is probably the reason why almost all of them (16 of 18) presented significant improvements in jump performance.

Besides the training status, three other important factors were carefully controlled in this study: the rest interval between HS and CMJ tests (4 min), the range of loads used to perform the CA (HS at 1RM, 3RM, 5RM, and 60% 1RM), and the mixed number of sets among the different conditions. [@j_hukin-2018-0071_ref_030] suggested that the temporal profile of PAP was related to relative strength levels, with stronger subjects (i.e., individuals able to squat at least twice their BM) achieving maximum PAP responses between the 3rd and 12th minute post-CA. Regarding volume and intensity, a comprehensive meta-analysis indicated that multiple sets (e.g., 2 or 3) and moderate loads (60-84% 1RM) were more prone to optimize PAP than single sets or heavy loads (≥ 85% 1RM) ([@j_hukin-2018-0071_ref_033]). Thus, across the five protocols, our participants could certainly perform the HS under (theoretical) "optimal training conditions"; nevertheless, no CA was superior to another to maximize PAP. Despite the apparent superiority of the 1RM condition, the absence of meaningful differences between the examined protocols does not allow to draw definitive conclusions from our data. Moreover, the multitude of individual best CMJ responses among sets ([Figure 3](#j_hukin-2018-0071_fig_003){ref-type="fig"}) also precludes accurate determination of the most effective approaches to activate PAP (e.g., numbers of sets and percentages of 1RM).

In fact, we observed worthwhile increases in CMJ height only when comparing the highest intra-individual CMJ attempts with their respective baseline tests. From a practical perspective, this suggests that acute PAP effects can possibly occur in highly-trained subjects after conditioning activities; nonetheless, these effects seem to be subject-dependent, depending on specific and individualized training conditions ([Figure 3](#j_hukin-2018-0071_fig_003){ref-type="fig"}). Remarkably, almost all participants (16 of 18) were responsive to at least one experimental protocol, which strongly indicates that PAP methods might be effectively used by coaches to enhance performance in highly-trained athletes, provided they have previously tested the effects of a given CA in an individualized way. This "apparent" individual variability has also been observed in other PAP studies. [@j_hukin-2018-0071_ref_002] investigated the effects of performing 1 set of 3 repetitions of the HS at 91% 1RM with different rest intervals (4-, 8-, 12-, and 16-min) on short sprint performance (5- and 10-m). Whereas the authors failed to find significant differences between conditions, they reported significant improvements in speed ability when the best sprint time of each participant was compared with their respective baseline value. Briefly, the professional rugby players revealed distinct optimal responses to each specific rest interval: 47% of them were positively responsive after the 8-min, 27% after the 12-min, and 13% after the 4-or 16-min rest interval. [@j_hukin-2018-0071_ref_022] detected no significant differences between three different CA protocols which used isometric or dynamic muscle actions after analyzing their effects on maximal sprint velocity in well-trained track athletes. However, in line with our findings, the authors observed large individual variations in response to the PAP schemes, with some athletes benefiting from the acute potentiation effects and others not.

In summary, at least for highly-trained subjects, our data demonstrate that there is no general recommendation for the optimal training content (i.e., volume and intensity) to maximize PAP. Furthermore, since it is probable that stronger athletes may benefit from the inclusion of conditioning activities in their warm-up routines, coaches and researchers are encouraged to frequently assess their individual responses to distinct CA protocols, adjusting or modifying the training content whenever necessary. Certainly, this strategy could improve an individual's athletic performance in many sport disciplines, especially those relying on speed-power capacities. This study is limited by the lack of individualization of resting periods. As demonstrated by [@j_hukin-2018-0071_ref_013], the individualization of rest intervals after the CA would be important to find the "best strategy for each subject". Nonetheless, for such a purpose, it would be necessary to substantially increase the number of experimental sessions during the intervention period, which was not possible in the current study.

Conclusion {#j_hukin-2018-0071_s_005}
==========

This study may have important implications in high performance sport settings. From our data, it can be concluded that the use of 1 to 3 sets of half squats performed at moderate to high training loads may be a very effective strategy to meaningfully improve explosive performance in highly-trained subjects. Nevertheless, despite the high efficiency of the CA conditions tested here, coaches and sport scientists should individually assess their athletes within the proposed range of loads and sets, to find optimal (and tailored) PAP protocols, able to acutely maximize speed and power capacities. To evaluate and quantify individual responses, practitioners can make use of the "smallest worthwhile change", which is defined as the smallest change in a given measure likely to be relevant in athletic performance ([@j_hukin-2018-0071_ref_017]; [@j_hukin-2018-0071_ref_019]). With this knowledge, athletes can then be guided to perform efficient and adequate warm-up training routines, possibly improving their subsequent performance in power-related tasks. Further studies should be conducted to assess the chronic effects of using optimal individualized PAP protocols on strength, power, and speed performance.
